to other bactericides and relatively low cost (27). Moreover, because phages are generally quite specific for their host bacterial species, they can be specially targeted towards the pathogen without affecting other members of the bacterial community (16). Although there has been considerable doubt that phages can be used as effective biological control agents (28, 41), phage therapy also has been used successfully against bacterial blotch of mushrooms (25), bacterial leaf spot of mugbean (7), bacterial spot of peach (8, 9, 10, 32, 33), soft rot incited by Erwinia spp. (12) and fire blight of pear and apple (17, 34, 35). Moreover, phages have been used to disinfest Streptomyces scabies-infected seed potatoes (23).
INTRODUCTION
Phages have attracted an increased interest as natural antimicrobial agents to fight bacterial diseases in plants. They have been used as part of integrated disease management because of ease of application, use in combination with other bactericides or as an alternative to other bactericides and relatively low cost (27) . Moreover, because phages are generally quite specific for their host bacterial species, they can be specially targeted towards the pathogen without affecting other members of the bacterial community (16) . Although there has been considerable doubt that phages can be used as effective biological control agents (28, 41), phage therapy also has been used successfully against bacterial blotch of mushrooms (25), bacterial leaf spot of mugbean (7) , bacterial spot of peach (8, 9, 10, 32, 33) , soft rot incited by Erwinia spp. (12) and fire blight of pear and apple (17, 34, 35) . Moreover, phages have been used to disinfest Streptomyces scabies-infected seed potatoes (23).
Bacteriophages (21) have been used against bacterial blight of geraniums (14, 15) and bacterial spot of tomatoes (4) , caused by Xanthomonas hortorum pv. pelargoni and X. perforans, respectively. In greenhouse and field studies bacteriophages reduced the severity of bacterial spot of tomato to levels equal or lower than copper bactericides (5, 14, 27 ).
However, the effectiveness of phages for biological control depends not only on the susceptibility of the target bacterium but also on environmental factors that affect phage survival. In general, survival of microorganisms in the phyllosphere depends on the presence
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on October 25, 2017 by guest http://aem.asm.org/ Downloaded from exposed to various physical parameters. Hence, the objectives of this study were to evaluate: (i) the effect of natural sunlight UV on the survival of phages in the tomato at different times of the year; (ii) the effect of artificial UV irradiation on disease control efficacy achieved with phages; (iii) the effect of temperature on phage survival in growth chamber conditions; (iv) the effect of desiccation and fluorescent light irradiation on phage longevity in vitro; (v) the effect of copper on phage persistence on tomato leaf surfaces under field and greenhouse conditions, and (vi) the level of protection the skim milk formulations provided against these harmful factors.
MATERIALS AND METHODS
Bacteriophage preparation: Phages ΦXV3- 16 and ΦXacm 2004-16 (Fig 1.) were propagated on X. perforans strain 97-2 and on X. axonopodis pv. citrumelo strain Xacm2003-6, respectively. First, the phage, originating from a single plaque, was mass streaked on the lawn of the propagating bacterium on NYA soft (0.6%) agar medium using a sterile toothpick. Following overnight incubation at 28ºC, the phages were eluted with 5 ml sterilized tap water and the resulting phage suspension (~10 9 PFU/ml) was used to prepare larger volumes of high titer suspensions, as follows. One liter NB medium was inoculated with the propagating bacterium to 10 8 CFU/ml final concentration and with 10 7 PFU/ml (0.1 MOI) phage. After a 15-min pre-incubation, the cultures were placed a rotary shaker (150 rpm) for overnight incubation at 28ºC. The lysates were chloroform sterilized (10%, 15 min) and then the bacterial debris was eliminated following centrifugation (10000 g, 10 min). The resulting phage suspensions had titers of 2-5×10 10 PFU/ml.
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Quantification of phage titer. Bacteriophages were eluted from the leaf samples by adding 100 ml deionized water to each sample and shaking for 30 min. Phages were enumerated from the eluate by serial dilution plating method as previously described (4) . UVA+B data were collected every second using a PMA 1107-WP UVA+B detector (Solar Light Co Inc., Glenside, PA) along and a CR10 data logger (Campbell Scientific, Inc).
Relationship
The data logger was programmed to record averages every 15 min. The sensor, data logger and batteries were hooked up and placed inside a weatherproof compartment specifically designed for this purpose. The sensor was mounted on a 2-m-long angled aluminum pole driven into the ground close to the first block of the tomato experimental plot. Data were downloaded with a Palm One handheld computer.
6
of skim milk or sucrose. In order to insure that the phage was not multiplying on the leaf surface phage ФXacm2004-16 was used because it is specific to X. axonopodis pv. citrumelo strain Xacm 2003-6 and cannot infect Xanthomonas strains pathogenic on tomato.
Furthermore, the bacterium, Xacm, is not pathogenic to tomato and does not colonize the tomato leaf surface. Phage was applied four times during the day: 06:00 h, 10:00 h 14:00 h, and 19:00 h. Leaf samples were collected from each treatment directly after phage application and then every 2 h until 21:00 h. Each plot was sampled again at 08:30 h the next morning. Samples consisted of five leaflets that were collected in Ziploc bags and processed as previously described (4) . Phage population data were expressed as plaque forming units (PFU) per g leaf tissue.
Effect of in vitro UV irradiation of phage on efficacy of disease control.
The effect of in vitro UV irradiation on inactivation of phage and subsequent reduction in efficacy in the control of bacterial spot was examined in the following manner. The phage suspension was adjusted to a concentration which in preliminary experiments reduced bacterial spot severity in greenhouse experiments on tomato seedlings inoculated with Xanthomonas campestris pv. vesicatoria strain 75-3R by approximately 100%. The phage suspension in Petri dish bases was irradiated with different doses of UV using a "UV crosslinker" (XL-1000 Spectrolinker, Spectronics Corporation). The irradiated phage suspension was then spray-inoculated, using a hand-trigger sprayer, onto the upper and lower leaf surfaces of 4 replicate 6-weeks-old tomato seedlings (cv. Agriset 761) which had just been inoculated with a ~10 8 cfu/ml suspension of 75-3R. Control plants were inoculated with sterile deionized water with no phage. Plants were placed in a randomized arrangement in plastic tent in which high relative humidity was maintained using an ultrasonic humidifier. h. On the other hand formulated phages (M+S) and (M) dropped only 1 and 2.7 log units, respectively, during the same time period. Non-formulated phage sprayed at 10:00 h declined from 6 to 0 log units in 4 h (by 14:00 h), whereas formulated phage dropped only 0.8 log unit in the same time period. Non-formulated phage sprayed at 14:00 h dropped 5 log units by 21:00 h, while both formulated phages dropped only 1.5 log units during the same time. There was no significant difference in changes of phage populations among the three phage treatments when sprayed at 19:00 h. (Fig. 2A) . When the population data for the early morning phage application were plotted against UV dose, regression equations were calculated for the three phage populations (Fig. 3A) . The slope for phage decline was much lower for the formulated phage applications than for the non-formulated phage indicating that
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On June 9th (Fig. 2B ), the sunlight UV peaked at 9.88 mW/cm 2 at 12:45 h, but soon after (14:30 h) the sky became partially cloudy and completely cloudy by 15:00 h (UV=2 mW/cm 2 ) followed by 15 min of rain. Cloudy conditions remained for the rest of the day. Non-formulated phage sprayed at 06:00 h persisted similarly than on May 25 th experiment; however, the ones sprayed at 10:00 h persisted longer in spite of the rain. In this particular case, the skim milk + sucrose (M+S) formulated phage population was significantly (1 log unit) lower than the skim milk (M) formulated one by the next day except when sprayed at 10:00 h. The non-formulated phage populations were significantly lower than the formulated ones in all cases. In the comparison of UV dose and phage persistence similar trends were found as in May in which the non-formulated phage populations dropped precipitously and the formulated phage were much less affected by dose as evidenced by the smaller slopes (Fig. 3B ).
The maximum sunlight UV for October 19 th ( Fig. 2C ) and December 1 st ( Fig. 2D) experiments, was 7.37 and 5.44 mW/cm 2 , respectively. Although non-formulated phage persisted at much higher concentrations than in the May and June experiments, formulated phage populations were still significantly higher than non-formulated ones. Higher phage populations were recovered on December 1 st than on October 19 th . Slightly lower sunlight UV and lower temperature might have influenced these results. In general, there was a strong positive correlation between the rate of decline in the phage populations and the intensity of sunlight UV irradiation. There were very few differences among treatments in the phage reduction-UV dose relationship in October and December ( Fig. 3C and D) . The slope of (Fig. 4b) .
Effect of copper on phage survival. In greenhouse experiments, the effect of copper-mancozeb was evaluated on non-formulated and skim milk+sucrose-formulated phage populations. Tomato plants were sprayed with copper-mancozeb 8 h before phage application and the phage populations were determined the next day. The presence of copper caused significant reductions in both phage populations; however, the reduction was smaller in the formulated phage than in the non-formulated one (Fig. 5) . Additionally, the population size of formulated phage was higher than the population size of non-formulated phage both on copper-treated and non-treated leaves.
In field experiments copper-mancozeb was applied on tomato foliage (i) 7 days before, (ii) 4 days before (iii) and on the day of application of formulated ΦXacm 2004-16.
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Control plants were sprayed with water on the day of phage application. Phage populations significantly declined when copper-mancozeb was applied in the morning and phage was applied in the evening of the same day (Fig. 6 ). Phage population on tomato plants sprayed with copper four or seven days before phage application was not significantly different than the phage population on plants sprayed with water (Fig. 6 ). wells. The plates were incubated either in complete darkness or 16h light/ 8h dark period at room temperature in 0% relative humidity and phages were recovered and enumerated periodically for 60 days. Non-formulated phage population dropped to non-detectable levels 5 days after being subjected to desiccation and fluorescent light illumination (Fig. 8A ).
Effect
Formulated phage (SM+S) population diminished only 1.62 log units after 60 days. When the phages were kept in constant darkness, the reductions were only 2.06 and 0.82 log units for the non-formulated and formulated phage, respectively, by the 60th day (Fig.8B) The experiment was done twice with similar results.
DISCUSSION
There are distinct advantages of using bacteriophages for biological control. These include (i) their high specificity that allows safe, targeted elimination of target bacterium without altering the surrounding microflora, (ii) the fact that they are natural components of the environment and are readily degradable and so can be used in sustainable, environmentfriendly agricultural system and (iii) their ability to not only destroy the target bacterium but also reproduce on it which allows them to move into protected places inside the plant and to persistence. In this study we assessed the relative contributions of these environmental factors towards inactivation of phage populations and investigated the effect and the mode of action of the skim milk plus sucrose protective formulation.
In vitro irradiation of the phage suspension prior to application onto tomato plants significantly reduced the ability of the phage to reduce bacterial spot severity. This effect is presumably due to phage population reduction that is caused by inactivation of phage virions by the UV irradiation. A dose of 20 mJ/cm 2 completely eliminated the protective effect of the phage (Fig. 4) . The graph of mean percentage reduction in disease severity suggests that the phage suspensions tolerate up to 4 µJ/cm 2 with minimal loss of efficacy, whereas above this dose the phage are rapidly inactivated and efficacy is lost. The data suggest that a dose of 8 mJ/cm 2 is sufficient to reduce the efficacy of the phage suspension by ~80% (Fig. 4) .
We determined that there was a strong negative correlation between phage persistence and UV dose. Both formulated and non-formulated phage populations survived longer following evening applications or when UV was less than 2 mW/cm 2 . We also noted that intensity at a given point is more critical in terms of phage stability on leaf surfaces since the phage populations plummeted to much lower levels at the same dose in May and June than in October and December (Fig. 3) . This in all likelihood is the result of the higher UV intensity observed in May and June than in October and December (Fig. 2) . Another supporting evidence for the importance of UV intensity is that in laboratory studies, where the UV dose was administered to the phages with high intensity, more than a thousand fold smaller UV doses significantly effected phage populations than in field studies (several millijoules in lab vs. tens of joules in the field). Although copper, air temperature and to a
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on October 25, 2017 by guest http://aem.asm.org/ Downloaded from lesser extent desiccation were deleterious to phage persistence, UV irradiation was the most important factor. Deleterious effects of UV to microorganisms is widely known and has been analyzed in various microbial ecology studies (19, 26, 29) . In those studies it was concluded that UV-B has a negative impact on individual microbial species as well as complex microbial communities. On the other hand, it's been reported also that differential resistance to UV-B (18, 36, 37), DNA repair capabilities (38, 16), photoreactivation as well as UV avoidance have contributed to survival of bacteria (39). Furthermore, increased microbial populations on abaxial leaf surfaces as a UV avoidance mechanism has been reported (6, 37, 42).
We consistently observed that the protective formulation consisting of skim milk and phages continued to remain viable after 78 months. They used sterile squares of filter paper saturated with whey filtrate. In our studies, there was strong evidence that fluorescent light is detrimental for non-formulated phage as opposed to dark conditions under which both formulated and non-formulated phage survived for over 60 days.
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In conclusion, the present study suggests that UV irradiation is a major obstacle in persistence of phages on tomato leaf surfaces. Furthermore, we provide evidence that previously developed phage formulations (5) can protect phage from sunlight UV and other detrimental environmental factors. However, because of the diversity of bacteria and their phages (35, 17), extrapolation of phage therapy practices from one pathogen system to another will not always be possible (17) . Nonetheless, the genotypic diversity that occurs in natural populations of biocontrol agents provides a great resource for improving biological control of plant diseases (19, 22, 40) , and can be used to select for better biocontrol agents. It may be possible to identify phages that are superior with respect to phyllosphere survival (i.e. more resistant to UV) and more effective in infecting and eliminating the targeted bacterial pathogens. 
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